I. Introduction
There has been considerable interest in the magnetoplasmadynamic (MPD) arc as a potential spacecraft thruster because of its demonstrated high specific impulse and propulsive efficiency. As a thruster the MPD arc has been studied, both with and without an applied magnetic field, in the low pressure and low propellant mass flow rate regime. A recent critical review of this work can be found in Ref. 1 . The MPD arc operating without an applied magnetic field can also be used as a reliable and efficient steady-state source of plasma, and this paper describes in detail the performance of this arc over a range of conditions not previously reported.
With no applied magnetic field the arc was operated at chamber pressures between 26 and 950 torr, argon mass flow rates between 0.08 and 44 g/s and power between 4 and 100 kW. In section A the detailed effects of chamber pressure (at a constant current of 1000 A) on thermal efficiency, arc voltage, energy loss at the electrodes and gas enthalpy are presented and compared with an empirical model. In section B the same type of results, but obtained at constant currents of 200, 400, and 1600 A, are summarized in terms of the same model. In section C the detailed effects of arc current, at several values of argon mass flow rate, on thermal efficiency, arc voltage, total energy loss to the cooled electrodes and stagnation pressure are presented and compared with the same model where applicable. Finally, in section D, the reliability of the arc head is discussed.
II. Experimental Equipment and Procedure
The MPD arc configuration used is shown in Fig. 1 , and its schematic in Fig. 2 . The water-cooled copper anode had a rounded exit orifice to eliminate erosion due to high head loads in this area. The water-cooled copper face plate, used to attach the arc head to a plenum chamber, was not electrically insulated from the anode; hence, current emission was divided between anode and face plate. The cathode was made of 2% thoriated tungsten. Argon was injected axially into the arc chamber through an annular slit. A bank of rectifiers with peak-to-peak ripple of approximately 3% was used as a power supply. The MPD arc was mounted inside a 2. 1-m-diam by 4. 2-m long vacuum tank which was exhausted by a 2330 l/s capacity pumping system; hence, the ambient pressure was a function of the argon flow rate. For these experiments the ratio of the arc chamber pressure to vacuum tank pressure was a minimum of 71; therefore, the fluid pressure and temperature inside the electrode region were fixed by the argon flow rate and arc current and were independent of ambient pressure.
Standard calorimetry techniques were used to measure, separately, the heat transfer on the cathode base plate, anode, and face plate. The All data was recorded on a Dymec Data System. The estimated maximum uncertainties of each recorded variable are as follows: coolant flow rate ±1%, coolant temperature rise ±0. 3%, arc voltage ±0. 5%, arc current ±0. 5%, pressure ±2%, and mass flow rate ±2%. These estimated uncertainties result in the following errors in the computed quantities:
thermal efficiency ±2% at low pressures and ±0. 5% at high pressures, total heat transfer rate ±0.02 kW at low heat transfer rates and ±0. 14 kW at high rates and gas enthalpy ±4% at low enthalpies and ±5% at high enthalpies.
In this investigation there were only two independent variables, argon mass flow rate and arc current. At each fixed set of variables all information was recorded automatically by the data recording system and then recorded a second time to indicate gross drift in the experiment. The arc current and voltage were also recorded continuously on a strip chart recorder and showed steady values at each fixed mass flow rate and current.
The arc was started by simply switching the power supply to the electrodes.
This power supply provides 320 Vdc at zero current, and this was sufficient to start the arc with an arc chamber pressure of 10 torr and a mass flow rate of 0. 5 g/s. Once the arc was struck, the current and mass flow could be changed throughout their respective ranges without extinguishing the arc.
III.
Results and Discussion
A. Effect of Mass Flow Rate on a 1000-A Arc
For this investigation the arc thermal efficiency is based on the dissipated electrical power, as determined from the measured arc voltage, 4, and current, I, and the total power picked up by the cooling water, QT.
Therefore, the arc thermal efficiency was computed from the following expre s sion:
and is shown as a function of arc chamber pressure, Pc, for a constant current of 1000 A in Fig. 3 . The increase of thermal efficiency with increasing chamber pressure can be explained from the known facts that the In Fig. 3 notice that this voltage jump has a noticeable effect on the thermal efficiency.
The total heat loss from the arc, QT' is shown as a function of arc chamber pressure in Fig. 5 , and the corresponding relative heat loads on the anode, face plate and cathode base plate are shown in Fig. 6 . In Fig. 6 notice that from 94 to 100% of the total heat loss was picked up at the anode and face plate, and These results will be discussed below. For current values of several hundred amperes and above, QCR is an insignificant part of the total anode heat load and can be disregarded with little error. Therefore, for all but the very lowest currents and pressures, we can take the arc heat losses to be independent of pressure and linearly dependent on current.
Combining the above results for the effects of pressure and current on the arc voltage and heat loss we obtain the following expression for the arc thermal efficiency:
where C is a constant of proportionality in this constant current example;
however, in general, C contains the effect of current on arc voltage also.
The thermal efficiency, computed from Eq. (4), is shown in Hinlet is the gas enthalpy at the arc inlet.
B. Effect of Mass Flow Rate at Other Currents
The same measurements were also made at a constant arc current of 200, 400 and 1600 A as well as one repeat experiment at 1000 A. The results from these experiments, as well as those of the experiment discussed above, are summarized in Table 1 . The thermal efficiency is not predicted as well at 200 and 400 A as it was in Fig. 3 for 1000 A. As an example, at maximum mass flow rate, the predicted thermal efficiency at 200 A was 85. 5%, whereas the measured value was 90. 2% and at 400 A the predicted value was 78. 8% and the measured value 82. 5%. The primary reason for these discrepancies was that the variation of total heat loss with arc chamber pressure was relatively greater at the lower currents; hence the use of an average value of QT to calculate ~A introduces larger errors.
For example, at 1000 A, QT varies by +5% of its average value, while at 200 A the variation is +35%o. When actual values of QT are used, the agreement between predicted and measured rTH was again very good. At 1600 A the thermal efficiency is predicted well by the constants in Table 1 for pressures above 130 torr; however, below this pressure, the measured thermal efficiency is under-predicted by as much as 20%. The primary reason for this discrepancy is that the arc voltage is not represented well by the expression CP n . For this case the constants of Table 1 
By using Eq. (7) in Eq. (1) a very good fit to the measured thermal efficiency is obtained for all pressures above 50 torr.
The arc chamber pressures at which the total heat loss reaches its first minimum, 70 torr for the experiment shown in Fig. 5 , are also listed in Table 1 as P . It was again found that the arc voltage begins to deviate cr from the expression CP n at approximately these listed pressures.
C. Effect of Current at Constant Mass Flow Rate
The effect of current on arc head performance was obtained by holding the argon mass flow rate constant at 10 discrete values, between 0.49 and 44. 15 g/s, and varying the current in increments at each mass flow rate.
The resulting thermal efficiency is shown in Fig. 9 as a function of arc current with mass flow rate as parameter. Only 5 of the 10 distributions are shown for clarity; however, these 5 sets of data are fully representative of the complete set. The corresponding total heat lost to the cooling water and arc voltage are shown in Figs. 10 and 11, respectively. By applying Eq. (2) to the data of Fig. 10 , it can be seen that QCR is at most 400 W and is dependent on the mass flow rate or arc chamber pressure and that
A is independent of current and approximately independent of mass flow rate except at the very lowest flow rate. All 10 values of QCR and qA are listed in Table 2 . The fact that QCR becomes negative at high mass flow rate cannot be explained by the model leading to Eq. (2); however, considering the gross nature of themodel, this is not surprising. Also note the similarity between the variations of thermal efficiency in Fig. 9 and that of voltage in Fig. 11 . Again it can be concluded that the thermal efficiency is mainly influenced by the arc voltage over a wide range of current and pressure.
The voltage/current characteristics of In Eqs. (8) and (9) TCL is the column centerline temperature, R the column radius, QR the radiation heat loss and X the thermal conductivity at r = R. The constant C could then be obtained from Eq. (10). Only data obtained at low mass flow rates could be used, since at high flow rates the characteristics are distorted by radiation losses. The resulting values of n are shown in Fig. 13 as a function of arc current. The data from Table 1 is also plotted and shows good correspondence with the present experiment.
Values of m were obtained for the four lowest mass flow rates by using for n an average value of 0. 35 and are listed in Table 2 . To compute the constant C O the average value of -0. 235 for m was used. These results are also listed in Table 2 . The values of C for mass flow rates of 10. 65 o and 14. 20 g/s were obtained from data at the minimum current where the distortion should be the least; however, since the average value of -0. 235 for m is not applicable to these distorted characteristics, the values listed are questionable. The fact that at minimum mass flow rate CO is exceptionally high is probably due to the increased anode sheath drop as was discussed above. The cross-plotted data used to find the values of n shown in These calculated voltages and values of ~A and QCR from Table 2 were also used to calculate the thermal efficiency and are compared with the measured values for the three lowest mass flow rates in Fig. 9 (solid curves). At the lowest mass flow rate, the small discrepancies between the measured and calculated voltages, shown in This arc head has also been run over a limited range of conditions with helium and hydrogen as working fluids. The only difficulty experienced with these two gases was a higher heat transfer rate on the rounded exit orifice of the anode. With helium some copper was lost at first but the arc still functioned. However, with hydrogen the heat loads were high enough to cause anode failure after a few minutes of operation.
IV. Conclusions
An MPD arc without applied magnetic field was used to produce a continuous stream of argon plasma over a very wide range of mass flow rate and arc current. From measurements of arc voltage, chamber pressure and heat transfer rates to the electrodes gross operating characteristics have been deduced and from these the following conclusions were obtained:
The arc thermal efficiency is a strong function of chamber pressure but only weakly dependent on current. Efficiencies approaching 90% at pressures of order 1 atm were obtained.
(2) At least 94% of the total energy lost to the cooled electrodes was deposited in the anode and, except at low pressure and current, this energy loss is approximately independent of pressure and linearly dependent on current.
(3) Over most of the operating range tested the arc voltage was proportional to pn, where P is the arc chamber pressure and n is a weak function of arc current. However, the voltage was also found to be a complex function of current at intermediate and high pressure. (5) The range of mass flow rate and current tested was limited by the gas supply system and power supply available. The data indicates than an extension of these ranges should be possible with no detrimental effects to the MPD arc. 
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